Corn Rootworm (Diabrotica spp.) and Bt Corn: Effects on Pest Survival, Emergence and Susceptibility by Keweshan, Ryan Scott
Graduate Theses and Dissertations Iowa State University Capstones, Theses andDissertations
2012
Corn Rootworm (Diabrotica spp.) and Bt Corn:
Effects on Pest Survival, Emergence and
Susceptibility
Ryan Scott Keweshan
Iowa State University
Follow this and additional works at: https://lib.dr.iastate.edu/etd
Part of the Entomology Commons
This Thesis is brought to you for free and open access by the Iowa State University Capstones, Theses and Dissertations at Iowa State University Digital
Repository. It has been accepted for inclusion in Graduate Theses and Dissertations by an authorized administrator of Iowa State University Digital
Repository. For more information, please contact digirep@iastate.edu.
Recommended Citation
Keweshan, Ryan Scott, "Corn Rootworm (Diabrotica spp.) and Bt Corn: Effects on Pest Survival, Emergence and Susceptibility"
(2012). Graduate Theses and Dissertations. 12718.
https://lib.dr.iastate.edu/etd/12718
 
 
Corn rootworm (Diabrotica spp.) and Bt corn: Effects on pest survival, emergence and 
susceptibility 
by 
Ryan Scott Keweshan 
 
 
A thesis submitted to the graduate faculty  
in partial fulfillment of the requirements for the degree of  
MASTER OF SCIENCE 
 
 
Major: Entomology 
Program of Study Committee: 
Aaron J. Gassmann, Major Professor 
Thomas Sappington 
Roger Elmore 
 
 
Iowa State University 
Ames, Iowa 
2012 
Copyright © Ryan Scott Keweshan, 2012.  All rights reserved 
  
ii 
 
Table of Contents 
 
CHAPTER 1.  General Introduction…………………………………………………………1 
Thesis Organization…………………………………………………………………1 
Objectives…………………………………………………………………………...1 
Literature Review…………………………………………………………………...1 
References cited……………………………………………………………….........8 
 
CHAPTER 2.  Developmental and Morphological Effects of Single Toxin and  
Pyramided Bt Corn on Field Populations of Western and Northern Corn Rootworm……....15 
Abstract……………………………………………………………………………15 
Introduction………………………………………………………………………..16 
Materials and Methods…………………………………………………………….20 
Results……………………………………………………………………………..24 
Discussion…………………………………………………………………………26 
Acknowledgments…………………………………………………………………29 
References Cited…………………………………………………………………...30 
 
CHAPTER 3.  Genetic Variation and Correlations for Survival of Western Corn  
Rootworm on Bt Corn……………………………………………………………………......42 
Abstract…………………………………………………………………………....42 
Introduction………………………………………………………………………..43 
Materials and Methods…………………………………………………………….48 
Results……………………………………………………………………………..55 
Discussion…………………………………………………………………………56 
Acknowledgments…………………………………………………………………59 
References Cited…………………………………………………………………..59 
 
CHAPTER 4.  Discussion…………………………………………………………………..78 
References Cited…………………………………………………………………..81 
 
ACKNOWLEGMENTS……………………………………………………………………83 
 
 
 
 
1 
 
 
Chapter 1: General Introduction 
Thesis Organization 
 The thesis is organized into a literature review, the references cited for the literature 
review, two papers to be submitted for publication in scientific journals, a discussion and 
acknowledgments.  The literature review discusses the background biology of northern and 
western corn rootworm, management of these pests, and the relevance of this work. 
 
Objectives 
1. To determine how exposure to different Bt corn hybrids affects the biology of northern 
and western corn rootworms. 
2. To determine how selection on Bt corn hybrids affects the progeny in terms of genetic 
variation and if there is any correlation for survival between a single toxin hybrid and a 
pyramid hybrid sharing a toxin. 
Literature Review 
Biology of the Northern and Western Corn Rootworm 
Understanding the biology and life-history traits of a pest species is important for making 
better decisions for management.  The northern corn rootworm (NCR), Diabrotica barberii 
Smith and Lawrence, was first described in 1824 in Colorado (Chiang 1973).  While it can be 
found in many places in the United States, it is a major pest in the Corn Belt.  The western corn 
rootworm (WCR), Diabrotica virgifera virgifera LeConte, was first described in 1868 in Kansas 
(Chiang 1973) but it was not until 1909 when it was first observed as a pest of corn (Gillette 
1912).  The western corn rootworm has expanded its range across the United States from the 
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Midwest (Gray et al. 2009).  It was recently discovered in Europe due to five independent 
introductions throughout the continent (Ciosi et al. 2008).  With the western corn rootworm’s 
recent expansion, it shows the capacity of this pest to colonize new geographical locations (Gray 
et al. 2009). 
Both of these species have a similar lifecycle.  NCR and WCR are protandrous, 
univoltine beetles in Chrysomelidae.  The eggs are oviposited into the soil of a field where they 
will remain through the winter.  The adults remaining at the end of the season will die with the 
first frost (Krysan 1986, Levine and Oloumi-Sadeghi 1991).  After the winter diapause, the eggs 
hatch usually in late spring early summer.  The insects will develop for three instars feeding on 
the roots of the corn plant (Zea mays L.) (Hammack et al. 2003).  Larvae feed typically on the 
youngest roots emerging from the stalk of the plant (Spencer et al. 2009).  The insects pupate and 
eclose into adults in late June or early July.  While these insects are protandous, over 97% of 
male emergence coincides with females.  Males typically need several days to sexually mature 
after emerging before they can mate with females (Spencer et al. 2009). 
Rootworms are associated with corn throughout their lifecycle.  Larvae can only 
complete development on the roots of corn and some closely related species of grasses (Spencer 
et al. 2009).  Adults of corn rootworms feed on the corn plant (tassels, pollen, kernels and even 
leaf tissue) (Levine and Oloumi-Sadeghi 1991, Gray et al. 2009) but are not often considered 
economically important (Clark and Hibbard 2004).  The northern corn rootworm can also be 
associated with weeds in the margins of the field, especially those flowering, feeding on non-
corn pollen (Levine and Oloumi-Sadeghi 1991). 
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Management techniques 
Since rootworms are most destructive to the roots of the corn plant during the larval stage 
of their lifecycle, management strategies have mostly focused on reducing larval feeding.  
Management costs and yield losses attributed to corn rootworm feeding has been estimated to 
cost growers over a billion dollars annually (Sappington et al. 2006).  Growers have several 
methods to manage rootworm including insecticides, crop rotation and transgenic hybrids 
producing toxins from Bacillus thuringiensis (Bt corn).   
Synthetic chemical insecticides have been an effective method for managing rootworm 
and there are two ways to deploy them in the field.  Growers can apply chemicals into the soil 
while planting that will offer protection from larval feeding directly.  They can also treat the corn 
foliage to manage the adults.  Even though adult feeding does not usually directly reduce yield,  
it reduces the number of eggs deposited in the field and therefore the number of larvae the 
following season (Levine and Oloumi-Sadeghi 1991, Meinke et al. 1998, Clark and Hibbard 
2004). 
A simple yet very effective means for managing rootworm is crop rotation.  This method 
takes advantage of the corn rootworm’s tight host association with corn.  Crop rotation is the 
process of substituting alternate crops on which corn rootworm cannot develop, typically 
soybeans, Glycine max.  Adult rootworms have a high ovipositional fidelity to corn and do not 
oviposit in fields of other, non-host crops.  The following season when the field is planted with 
corn, larval rootworm presence will be diminished (Levine and Oloumi-Sadeghi 1991, O'Neal et 
al. 1999, Clark and Hibbard 2004, Spencer et al. 2009). 
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Bacillus thuringiensis for insect management 
With the discovery of Bacillus thuringiensis as a management tool, a less toxic 
alternative to synthetic pesticides was found.  B.thuringiensis is a gram-positive bacterium that 
forms spores during the stationary phase (times of low or no growth due to lack of resources) of 
its lifecycle.  During the stationary phase, a protein-based crystal is formed which is responsible 
for this bacterium’s toxicity to insects.  Isolates and several subspecies of this bacterium produce 
insecticidal crystals effective against a variety of insect orders (Lepidoptera, Diptera and 
Coleoptera) and even other arthropods (Schnepf et al. 1998, Bravo et al. 2007).  
The toxins produced by B. thuringiensis are specific to select arthropod pests and that is 
partially a result of the toxins mechanism.  The crystalline protoxin must first be consumed by a 
susceptible insect to begin the process.  The protoxin is solubilized in the insect’s alkaline 
midgut and activated by proteases that cleave out the active protein.  The active protein binds to 
the midgut epithelial lining via cadherin receptors.  Once the protein binds to the cell membrane, 
it inserts itself into the cell membrane forming a pore in the cell.  The pore allows ions and 
cellular contents to flow uncontrollably which later results in cell lysis.  When enough of the 
midgut cells lyse the insect will experience sepsis and die (Bravo et al. 2007, Tabashnik and 
Carriere 2008, Bravo et al. 2011). 
Genetic engineering has introduced the possibility of incorporating novel genes into the 
plant genome.  The first crops that incorporated B. thuringiensis toxins into their genomes where 
commercialized in 1996 and are referred to as Bt crops (Gould 1998, Tabashnik and Carriere 
2008).  Since then, many commercial products have come onto the market focusing mostly on 
Lepidoptera and Coleoptera (Tabashnik et al. 2009). 
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Grower adoption of Bt corn has grown since its introduction throughout the Corn Belt 
(Onstad et al. 2011).  With the success of the Bt events for managing lepidopteran pests, hybrids 
for managing coleopteran pests were developed.  The first hybrids for managing corn rootworm 
were introduced commercially in 2003 (EPA 2010a).  With further development, other hybrids 
expressing genes for different toxins were introduced to the commercial market.  In 2005, 
Cry34/35Ab1 was commercially introduced as a binary toxin with increased toxicity to 
rootworm pests (EPA 2005).  In 2007, a modified Cry3A (or mCry3A) was accepted for 
commercialization adding a third toxin in the rootworm management arsenal (EPA 2007).  
Further developments include the first pyramid for rootworm control approved in 2011 that 
expresses both Cry3Bb1 and Cry34/35Ab1 (EPA 2011). 
Insect Resistance Management for Bt corn 
 Like all management methods, Bt corn places selective pressure on pests to adapt.  With 
increasing adoption by growers (up from 63% in 2010 to 65% 2011 total hectares planted 
(NASS, 2011)) large fields of Bt corn varieties have placed high selective pressure on crop pests 
to evolve resistance (Tabashnik et al. 2003).  In order to maximize the lifespan of Bt corn in the 
field, the EPA requires that every registered transgenic event have an accompanying plan for 
insect resistance management (Tabashnik et al. 2004, EPA 2010a).  The use of non-Bt corn as a 
refuge is part of the insect resistance management of Bt corn for rootworm control to allow 
susceptible insects to survive (Tabashnik et al. 2004). 
Insect resistance management for Bt corn has typically involved the use of a Bt variety 
producing enough toxin to be considered high dose (a dose 25 times needed to kill susceptible 
larvae) combined with a refuge of non-Bt corn (SAP 1998, Glaser and Matten 2003a, Vaughn et 
al. 2005, Gassmann et al. 2011, Meihls et al. 2011).  The refuge of non-Bt corn allows 
6 
 
susceptible insects to survive, which may in turn mate with any Bt resistant insects (Tabashnik et 
al. 2003).  Many models have assumed that the alleles for resistance are initially rare and any 
homozygous recessive insects that can survive the effects of Bt crops are even more rare.  
Mating homozygous resistant insects with susceptible insects from the refuge will produce 
heterozygote insects (Onstad and Knolhoff 2008, Gassmann et al. 2009).  Increasing the dose 
will also alter how the genotypes react.  Higher doses of the toxin will cause heterozygotes to 
become as susceptible as homozygote susceptible genotypes.  In essence, resistance will become 
functionally recessive (Tabashnik et al. 2004, Gassmann et al. 2009).  Bt corn for rootworm 
management is not considered high dose but rather low-moderate dose (Hibbard et al. 2009). 
Refuge requirements can vary with the event being deployed and the insect pest being 
managed.  Hybrids for rootworm management containing one trait require a structured refuge to 
have a minimum of 20% of the planted corn be non-Bt (EPA 2005, 2007, 2010a).  Rootworm 
refuges are composed of structured refuges in either block (non-Bt corn localized in one area) or 
strips (non-Bt corn was planted in more dispersed strips throughout the field).  Since the EPA 
cannot effectively enforce grower compliance, the scientific community was becoming 
concerned that resistance would manifest faster than anticipated and cut short the lifespan of a 
particular Bt toxin (Jaffe 2009, Pan et al. 2011).  With the development of a seed mix combining 
seed from hybrids containing the binary genes Cry34/35Ab1 and seed from non-Bt hybrids, the 
refuge requirement was reduced from 20% to 10% non-Bt corn in seed mixes only to address 
concerns of declining compliance with refuge requirements (EPA 2010b).   
Potential for Resistance Development 
Insecticides and crop rotation for managing northern and western corn rootworm has 
usually been an effective way to manage these pests.  Several types of pesticides are currently 
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available such as organophosphates or carbamates but corn rootworms have repeatedly overcome 
several synthetic pesticides.  Resistance developed to common pesticides starting in the 1940s 
through the 1960s (i.e. organochlorine or cyclodiene) (Ball and Weekman 1963, Chio et al. 
1978) and even to pesticide classes still used today such as organophosphates (Caprio et al. 
2006).  Both the western and northern corn rootworm have even become resistant to crop 
rotation as well, through losing their ovipositional fidelity to corn (western corn rootworm) or 
exhibiting extended diapause (northern corn rootworm) (O'Neal et al. 1999, Gray et al. 2009). 
With the history of rootworms becoming resistant to pesticides, it is logical to be 
concerned for the long-term durability of Bt corn.  Tabashnik et al. (2008) stated that because 
several pests have exhibited rapid responses to selection on Bt toxins in the laboratory, they 
naturally possess the genetic variability to evolve resistance to Bt toxins in the field.  Western 
corn rootworms develop resistance in as quickly as three generations in greenhouse experiments 
(Meihls et al. 2008, Meihls et al. 2011).  This was confirmed when Gassmann et al. (2011) found 
isolated populations of rootworms significantly more resistant to Cry3Bb1 corn after three years 
of continuous planting of Bt corn producing Cry3Bb1 toxins than control populations. 
Mathematical modeling has shown that a refuge is most successful if resistant insects 
mate with insects from the refuge (Tabashnik et al. 2004, Onstad and Knolhoff 2008).  A 
potential problem is that rootworms exposed to Bt corn can delay insect development (Meinke et 
al. 2009).  Developmental delays to insects that survive on Bt corn could disrupt mating between 
resistant insects and susceptible refuge insects and therefore promote assortative mating among 
resistant insects.   
Another important assumption of the refuge strategy is that the dominance of resistance 
can be controlled by the environment (Tabashnik and Carriere 2008).  Dose of the Bt toxin can 
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dictate how heterozygote insects react to Bt exposure.  Increasing concentrations of Bt toxin in 
Bt corn reduces the rate of insect survival and therefore reduces the rate of resistance evolution 
(Onstad and Guse 2008).  Bt corn for rootworm control is not considered high-dose (Hibbard et 
al. 2009) but pyramids could help increase mortality of heterozygotes in the absence of a high 
dose single toxin Bt variety (Ives et al. 2011).  
There is still much to understand about how Bt hybrids interact with corn rootworms in 
the field.  The research presented here will expand the knowledge base of corn rootworm biology 
and how it is affected by exposure to Bt corn.  This will determine whether the assumptions 
made on predicting the evolution of resistance in corn rootworm populations are valid.  This 
research will also show how the genetic variation of subsequent generations of rootworms is 
affected by selection on Bt corn; indicating whether higher survival on single toxin Bt hybrids 
increases the level of survival on stacked-toxin hybrids. 
With transgenic technology being a useful tool in managing insect pests, it is important to 
not squander its usefulness.  It is clear that further investigation is required to make better 
decisions on insect resistance management to ensure this technology has a long lifespan. 
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Chapter 2: Developmental and Morphological Effects of Single Toxin and Pyramided Bt 
Corn on Field Populations of Western and Northern Corn Rootworm 
A paper to be submitted to the Journal of Economic Entomology 
Ryan S. Keweshan and Aaron J. Gassmann 
Department of Entomology, Iowa State University 
Ames, IA 50011 
 
Abstract 
The northern and western corn rootworm (Coleoptera:Chrysomelidae) are major pests of 
corn (Zea mays L).  The development of Bt corn, corn that has been genetically modified to 
produce toxins from Bacillus thuringiensis, has been valuable in controlling the damage these 
pests can inflict on a grower’s corn.  With the large acreage being planting to Bt corn especially 
in the Midwest, there has been great selection pressure for these pests to adapt and overcome the 
effects of Bt toxins.  The refuge strategy, as mandated by the EPA, helps maintain the 
susceptibility of the pest population to Bt toxins, thereby ensuring the continued success of this 
management strategy.  This field experiment tested the interaction of northern and western corn 
rootworm beetles with Bt corn.  Data were collected on beetle emergence time, survival and 
beetle size.   We tested two hybrids of corn used to control corn rootworm: YieldGard VT Triple, 
a single-toxin hybrid producing the toxin Cry3Bb1 and SmartStax, a pyramided toxin hybrid 
producing Cry3Bb1 and Cry 34/35Ab1.  The study was conducted at two field sites for two 
years.  Each site contained 16 plots composed of four treatments: pure stands of YieldGard VT 
Triple and SmartStax, SmartStax with approximately 5% blended non-Bt corn as a refuge and 
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their near isogenic non-Bt hybrid.  Survival of both the western and northern corn rootworm was 
strongly influenced by the Bt treatments with lowest beetle survival in the pure SmartStax 
treatment.  Western corn rootworm head capsule width was affected by treatment with the 
smallest insects coming from the pure SmartStax treatment.  The mean emergence time of both 
western and northern corn rootworm was delayed on Bt treatments compared to the non-Bt 
treatment.  These developmental delays and reduced beetle size could be an indication that 
insects that survive the effects of Bt will not be as competitive for mates in the field.  This, in 
turn, could lead to nonrandom mating involving populations of resistant and susceptible insects.  
Nonrandom mating could lead to an accelerated rate of resistance in field populations of 
rootworm. 
Introduction 
 Corn (Zea mays L) is a major crop in the United States.  In 2011, over 37 million hectares 
of corn were planted in the United States, and Iowa was the state with the highest amount of land 
dedicated to corn production, with over 5.7 million hectares (NASS, 2011).  A major pest of corn 
is the western corn rootworm (Diabrotica virgifera virgifera LeConte) (Rice 2004).  It is 
suspected that the agricultural practice of growing corn in a monoculture allowed the corn 
rootworm to become such a serious pest (Gray et al. 2009).  The western corn rootworm and a 
closely related species, the northern corn rootworm (Diabrotica barberi Smith & Lawrence) use 
corn as their primary host.  These pests cause the most injury to corn as larvae, which feed on the 
corn root system.  Larval feeding injury causes plants to be more susceptible to lodging (the 
inability to remain upright), which makes harvesting more difficult.  Feeding also reduces the 
plant’s ability to take in nutrients and may increase the risk of pathogen infection (Levine and 
Oloumi-Sadeghi 1991, Levine et al. 2002, Hibbard et al. 2008, Spencer et al. 2009). 
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 Corn rootworm can be managed in several ways including crop rotation and conventional 
insecticides.  Crop rotation is an effective management tactic because the primary host of 
rootworm is corn (Branson and Krysan 1981, Clark and Hibbard 2004).   Because corn rootworm 
cannot develop on hosts other than select grass species and have a high ovipositional fidelity to 
corn fields, rotating between corn and a non-host crop (i.e. soybean) will reduce the presence of 
larval rootworm in a corn field.  This cultural practice has been extremely effective in controlling 
rootworms except in areas where these pests have evolved resistance to crop rotation (Levine et 
al. 2002, Spencer et al. 2009).   Insecticides applied to either the soil (controlling larvae) or to the 
foliage (controlling adults and thereby reducing the number of larvae the following season) can 
also be effective but rootworms have shown that they have the ability to become resistant to 
these pesticides as well (Levine and Oloumi-Sadeghi 1991, Levine et al. 2002, Clark and 
Hibbard 2004, Siegfried et al. 2005, Vaughn et al. 2005, Nowatzki et al. 2008). 
 One of the more recent developments in managing pests has been the commercialization 
of transgenic crops.  By taking genes from the entomopathogen Bacillus thuringiensis, and 
placing them into a corn germplasm, it was possible to increase the toxicity of plants that 
expressed genes from B. thuringiensis for killing insect pests (Perlak et al. 1991, Gould 1998).  
Genetically modified corn for rootworm control was commercialized in 2003 that produced the 
toxin Cry3Bb1 (event MON863) as a single toxin hybrid (EPA 2010a).  Recently, other toxins 
have been developed such as Cry34/35Ab1 (event DAS-59122-7) and modified Cry3A (event 
MIR604) in 2005 and 2007, respectively (EPA 2005, 2007). 
 Widespread use of Bt crops places selective pressure on pests to adapt (Tabashnik et al. 
2003, Tabashnik and Carriere 2008).  Rootworms have been shown to have the capacity to be 
selected for Bt resistance quickly in laboratory settings to Cry3Bb1 hybrids (Meihls et al. 2008, 
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Oswald et al. 2011).  In field conditions, growers are beginning to see isolated cases of resistance 
developing in corn expressing Cry3Bb1 toxins (Gassmann et al. 2011, Gassmann 2012). 
To preserve the susceptibility of rootworms to Bt corn, the EPA has mandated that a non-
Bt host be planted to act as a refuge for susceptible insects (Gassmann et al. 2009).  The 
reasoning behind this is that alleles conferring resistance are assumed to be rare resulting in very 
low survival of insects using Bt corn as a host.  The non-Bt corn refuge will allow susceptible 
insects to survive.  Under the assumption that the beetles will disperse and randomly mate, the 
more numerous susceptible insects will likely mate with any potential survivors of Bt corn.  
Since resistant individuals will be most likely rare, the likelihood of encountering susceptible 
insects is high.  Mating between resistant and susceptible individuals will produce heterozygous 
progeny that are less fit on Bt corn (Onstad and Knolhoff 2008, Gassmann et al. 2009).  
Insect resistance management for Bt crops under the high dose / refuge strategy uses Bt 
crops that produce enough toxin to kill all of the susceptible larvae and most if not all of the 
heterozygous resistant larvae.  While Bt corn for rootworm control is effective at controlling 
rootworm feeding, it is not considered high-dose (high dose hybrids are defined as producing a 
toxin concentration 25 times the amount to kill susceptible larvae) (SAP 1998, Glaser and 
Matten 2003b, Vaughn et al. 2005, Meihls et al. 2008, Gassmann et al. 2011, Meihls et al. 2011).  
In the absence of a high-dose Bt event, a pyramid can be used to increase the mortality of 
heterozygotes (Ives et al. 2011). 
With regard to rootworms, a single toxin hybrid in the Corn Belt with a separate, 
structured refuge requires 20%  non-Bt corn (Glaser and Matten 2003b, Rice 2004).  While this 
is very important in insect resistance management, grower compliance with this regulation has 
become a concern (Jaffe 2009). To simplify and increase the implementation of a refuge, seed 
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companies developed a “blended refuge” in which Bt and non-Bt seeds are in the same bag.  By 
mixing Bt seed with non-Bt seed, the grower can plant a refuge in the field without separate 
preparation or planning thereby increasing the number of non-compliant growers become 
compliant.  Therefore, the required refuge was reduced from 20% to 10%.  The blending of Bt 
and non-Bt seed benefits the grower by making compliance convenient thereby increasing it 
while also adding in the benefits of reduced pesticide exposure (a blocked refuge could be 
chemically treated with pesticides).  It also helps increase insect dispersal throughout the field 
for insects such as corn rootworm that do not fly very far from their emergence site (EPA 
2010b).   
 Another method for preserving the durability of a toxin is by combining it with another 
toxin for the same pest.  Combining multiple highly effective toxins, a construction referred to as 
a pyramid, will delay the onset of resistance compared to a single toxin alone as long as the 
modes of action of the toxins are independent (Tabashnik 1994, Gould 1998, Roush 1998, Zhao 
et al. 2005, Tabashnik et al. 2009, Ives et al. 2011).  By coupling a blended refuge with 
pyramided toxins, as with SmartStax Refuge-in-a-Bag (or RIB), the EPA further reduced the 
total required refuge size from 20% to 5% (EPA 2011). 
Environmental stresses on an insect can affect its overall fitness by reducing its fecundity.  
Branson and Sutter (1985) found that smaller adult female western corn rootworms had shorter 
lifespans and reduced egg production.  Colorado potato beetle adults fed Bt plants were smaller 
than adults that fed on non-Bt plants (Costa et al. 2000).  If Bt corn has the same affect for corn 
rootworm, it could mean that larvae surviving on Bt corn could produce adults that are smaller 
and therefore less fit.  Smaller resistant adults may be less likely to compete successfully with 
the larger susceptible insects from the refuge for mates and could lead to more non-random 
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mating.  Conversely, a reduction in overall reproductive output in females could potentially 
reduce the rate of resistance by reducing the number of progeny with resistance alleles. 
Data confirming these propositions have been inconsistent.  Some studies on rootworm 
have shown that adult size is not affected by development on Bt (Storer et al. 2006, Frank et al. 
2011).  Conversely, Binning et al. (2010) found that constant exposure of insects to Bt starting at 
egg hatch showed a significant reduction in overall adult weight in both males and females. 
Wilson (2003) found that although adult females from Bt and non-Bt treatments were not 
different in size, females from the Bt treatments produced fewer eggs. 
In this study we measured the effects of non-Bt corn, Cry3Bb1 corn, and pyramided with 
both Cry3Bb1 and Cry34/35Ab1 corn blended non-Bt refuge on western and northern corn 
rootworm survival, emergence time and size in field plots. This should allow for a better 
understanding of interactions between rootworms and Bt corn and the development of better 
insect resistance management plans.    
Materials and Methods  
Field Plots Two research sites were established in 2009 and 2010.  In 2009, the field 
locations were at Johnson Research Farm proximate to Iowa State University campus in Ames, 
Iowa and the Armstrong Research and Demonstration Farm near Lewis, Iowa.  The Johnson 
farm and Armstrong farm locations were planted on 7 May and 8 May, respectively.  In 2010, 
the locations were a different section of the same field at the Johnson Farm as in 2009 and the 
Field Extension and Education Laboratory (FEEL) near Boone, Iowa.  With the exception of 
FEEL, the locations were planted to a trap crop during the previous season.  A trap crop ensures 
a high egg density in the soil, through the use of late-planted corn that attracts gravid females 
(Hill and Mayo 1974). 
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Each field site was 37 m long by 33 m wide, and consisted of 16 plots in a four plot by 
four plot grid.  Each plot measured 4.6 m long and 3.35 m wide and was separated by 3 m on all 
sides by fallow ground.  A total of four treatments were evaluated in each site: YieldGard Vt 
Triple (Cry3Bb1), SmartStax (Cry3Bb1 and Cry34Ab1/35Ab1,), the near-isogenic non-Bt 
hybrid, and Smartstax with a blended refuge of ca. 5% non-Bt corn.  The 2009 study had an 
unequal number of replicates per treatment.  The Ames site had two non-Bt, four Cry3Bb1, four 
pyramid with refuge, and six pure pyramid plots.  The Armstrong Farm site had two non-Bt, 4 
Cry3Bb1, three pyramid with refuge and seven pure pyramid plots.  In 2010, each treatment was 
replicated four times at each site.  Each of the seed types came from the same genetic 
background differing only in the insecticidal traits or lack thereof (SmartStax HXCB-
MON88017-MON89034-HXRW, YieldGard Vt Triple MON88017-MON810, near isogenic 
non-Bt hybrid NK603-null from Monsanto Company, St Louis, MO).  Each plot was randomly 
assigned one of the four treatments and machine planted in four rows 4.6 m long.  The seed was 
planted at a 15 cm spacing, with rows spaced 46 cm apart.  For the pyramid with a blended 
refuge treatment, the refuge corn was planted by hand, 5 cm off center of the row and marked 
with a stake.  Each row had two refuge seeds planted per row (eight total seeds per plot).  After 
about 3-4 weeks, the plots were thinned to allow the tents to completely encompass the plot.   In 
2009, the Johnson farm and Armstrong field sites were thinned so each plot measured ca. 3 m 
long on 3 June and 11 June, respectively.  In 2010, the Johnson Farm and FEEL site plots were 
thinned on 4 June and 3 June, respectively.  Each replicate was thinned to 72 plants total.  The 
treatment of SmartStax with a blended refuge contained 4 non-Bt plants of the 72 total plants.  In 
2010, the Johnson Farm site had fewer plants per treatment due to excessive water in the field.  
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Those plots contained 59.75±11.177 (Non-Bt), 53±13.191 (Cry3Bb1), 70.5±1.915 (pyramid with 
refuge), and 70.75±0.957 (pure pyramid) plants on average per treatment (±standard deviation). 
Each study site had non-Bt corn planted in the vicinity of our field plots.  The purpose of 
these plants was to monitor larval growth and development.  Samples from each site were 
collected by removing the stalk of the corn plant, placing an 11 cm diameter golf hole cutter 
(Model 1001-4, Par Aide Product Company, Lino Lakes, MN) over the root system, pressing 
down approximately 10 cm and removing a 1L soil sample with roots.  The root masses were 
placed in Berlese funnels to extract the larvae.  Head capsule width was measured via dissecting 
microscope (Leica MZ6, Wetzlar, Germany) and instar determined based on criteria specified by 
Hammock et al. (2003).  Tents were set up when greater than 50% of the recovered larvae were 
in their third and final instar.  In 2009, the site at Johnson Farm was sampled twice, on 22 and on 
29 June, and the Armstrong site was sampled only once on 24 June.   
To contain the beetles emerging from the plots, tents were placed on top of each plot, and 
corn plants trimmed to allow for easier collection of adults.  In 2009, the Armstrong and Johnson 
Farm plots were trimmed on 26 June and 30 June, respectively.  In 2010, the FEEL and Johnson 
Farm were trimmed on 7 July and 6 July, respectively.  Plants were trimmed by cutting the plant 
to a height of ca. 45 cm.  Aside from the top two leaves, the leaf tissue was removed from the 
plant leaving the stalk and ca. 20 cm of leaf tissue of the remaining leaves.  After trimming 
plants, each plot was covered with a tent.  Extra plants were left outside the tent of the non-Bt 
plots to measure the injury level of non-Bt plants within the field site.  The Johnson Farm plots 
were covered with dome-shaped tents measuring 3.35 m wide by 3.35 m long by ca. 2 m high 
(Kelty Inc., Model 40501212, Shanghai, China) that were staked down with 45.75 cm sections of 
bent rebar and the flaps buried.  The Armstrong Farm  and FEEL plots were covered with a 
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heavy-screened, rectangular tent that measured at 3.35 m wide by 3.96 m long by 2.44 m high 
(Redwood Empire Awning, Santa Rosa, CA) and the four sides of the tent were braced to T posts 
set next to the pole.  The flaps of the tents were buried in the soil.   
Root injury was measured by sampling extra plants outside of the non-Bt plots.  Using a 
spade, the root system was dug up and removed from the plot and brought back to the laboratory.  
The roots were soaked for no more than 24 hours and then rinsed.  The roots were rated using the 
scale described by Oleson (2005). 
The tents were visited regularly to collect the insects.  In 2009, beetles were collected 
every 2.48 ± 0.72 (± standard deviation) days from 7 July until 22 September from the Johnson 
farm site and every 5.73 ± 2.1 days starting 2 July to 3 September from the Armstrong site.  In 
2010, beetles were collected every 2.38 ± 0.83 (± standard deviation) days starting on 2 July 
until 6 September from the Johnson farm site and every 2.5 ± 0.88 days starting on 2 July and 
ending on 10 September from the FEEL site.  Beetles were aspirated using a mouth aspirator 
(Model 1135A, Bioquip Products, Inc., Rancho Dominguez, CA) for small numbers of beetles or 
a battery-powered aspirator (Model 2820B, Bioquip Products, Inc., Rancho Dominguez, CA) for 
larger collections.  After samples were collected, insects were brought back to the laboratory, 
counted and their sex determined following methods outlined by Hammack and French (2007). 
Insects collected from the field were also used in another experiment. After the 
experiment concluded, all of the insects were placed into ethanol (85% by volume) for 
preservation.  The insects were then pooled by site and treatment of origin for further data 
collection. 
Head Capsule Analysis.  Data on head capsule width were collected in both years. All 
insects collected from each treatment by location were pooled.  Beetles in a random sub-sample 
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were sexed and head capsule width measured using imaging software (Motic Images Plus 2.0, 
Motic, Xiamen, China).  Each insect was measured from the widest part of the head, which was 
always from eye to eye. 
Data Analysis.  Data on head capsule width were analyzed using a mixed model analysis 
of variance (ANOVA) in SAS Enterprise Guide 4.2 using PROC MIXED (SAS 2009).  The 
fixed factors included in the model were sex, treatment (non-Bt, Cry3Bb1, the pyramid with a 
blended refuge and the pure pyramid) and their interactions.  Random factors were site (Johnson 
Farm in 2009, Armstrong Farm in 2009, Ames in 2010, and FEEL in 2010) and all interactions 
of site with fixed factors.  The random effects were tested using the log-likelihood ratio statistic 
(-2 RES log likelihood) and pooled when P > 0.25 to increase statistical power (Littell et al. 
1996, Quinn and Keough 2002).  The LSMEANS option with a Tukey adjustment was used to 
make pairwise comparisons.  Data on survival and emergence timewere analyzed with the same 
statistical procedure except that a partial nested model was used which included the additional 
random factors of tent nested within site by treatment and the interaction of sex by tent nested 
within site by treatment.  For survival data, the total number of insects collected from each tent 
for a given treatment was regarded as a replicate.  The total number of beetles collected from 
each tent was transformed using the function ln(1+n). 
Results 
 Corn rootworm pressure was variable by year and location.  Mean survival of the western 
corn rootworm was statistically different among treatments (Table 1, Fig 1a).  Survival was 
higher on non-Bt corn than any of the Bt treatments.  Among Bt treatments, survival was greatest 
on Cry3Bb1 corn, intermediate in a blended refuge containing corn pyramided with 
Cry34/35Ab1 and Cry3Bb1 and lowest on pyramided corn in a pure stand.  The mean survival of 
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northern corn rootworm was also statistically different among the treatments.  Survival was 
higher on non-Bt corn compared to the Bt corn treatments.  Among the Bt treatments survival in 
the Cry3Bb1 corn was higher than in the pyramided corn treatment.  Rootworms from plots of 
the pyramided hybrid containing non-Bt refuge corn were not different in mean survival from 
either the pure stands of the pyramid or Cry3Bb1 corn (Table 1, Fig 1b). 
 A significant effect of hybrid on mean emergence time was found for both species of 
rootworm (Table 2).  For the western corn rootworm, beetles from non-Bt corn emerged sooner 
than insects from pure Cry3Bb1 and the pyramided corn hybrids.  The mean emergence time of 
insects from pyramided hybrid with a blended refuge was intermediate and not statistically 
different from the other three treatments (Table 2, Fig 2a).  Northern corn rootworm beetles also 
emerged significantly sooner on the non-Bt corn compared to the pure stand of the pyramided 
hybrid.  The mean emergence time of beetles from the pure stands of Cry3Bb1 and the 
pyramided hybrid with a blended refuge plots were intermediate and not significantly different 
from each other or any other treatment (Table 2, Fig. 2b). 
 For the beetle head capsule width, there was a significant effect of hybrid and a 
significant hybrid by sex interaction in western corn rootworm (Table 3 and 4).  While there 
were no significant differences between sexes in any treatment, males were larger than females 
in the non-Bt treatment.  Beetles emerging from non-Bt corn had statistically larger head 
capsules than the beetles from the Bt corn treatments.  Among the Bt hybrid treatments, beetles 
from the pure pyramided hybrid corn treatment had statistically smaller head capsules than the 
other two treatment with Bt corn.  (Table 6).  For the northern corn rootworm, there was no 
effect of treatment but there was a significant effect of sex and sex by hybrid interaction (Table 3 
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and 4).  Males were larger than females in the non-Bt treatment but not in any of the other 
treatments.   
Discussion 
 This study has shown that a pyramided hybrid is more effective at managing rootworm 
than a single toxin hybrid.  This study also has shown that, in the case of western corn 
rootworms, exposure to either Cry3Bb1corn or the pyramided corn delays mean emergence time 
of a population.  This delay could lead to nonrandom mating and as a consequence, increase the 
rate at which the insects adapt to a particular Bt hybrid. 
With the corn rootworm’s tendency to overcome management practices (Meinke et al. 
2009), it is important to treat the insect resistance management of Bt corn as a priority.  
Resistance to pesticides has been well-documented and span from pesticides that are no longer in 
use such as organochlorines or cyclodienes (Ball and Weekman 1963, Chio et al. 1978) to more 
current pesticides such as certain organophosphates (Caprio et al. 2006).  Siegfried (2005) has 
shown that western corn rootworms are not as susceptible to Bt toxins as most lepidopteran 
pests.  Interestingly, the survival of western corn rootworm beetles on the Cry3Bb1 hybrid was 
significantly higher than on the pyramid with a blended refuge.  Because beetle survival was 
lowest for both the western corn rootworm and the northern corn rootworm on the pyramid, the 
pyramid seems more effective at managing rootworm than the hybrid producing Cry3Bb1.  It is 
unlikely that these wild populations are showing resistance to Cry3Bb1 because that toxin is not 
considered high dose and will not be as effective as Bt toxins are on other orders of insects (e.g. 
Lepidoptera) (Meihls et al. 2008, Binning et al. 2010, Gassmann et al. 2011, Gassmann 2012).  
Beetle survival is expected to be higher on Cry3Bb1 compared to the pyramid and by adding 
another gene to a hybrid, this could help to suppress the number of beetles surviving as seen in 
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the beetle survival on the pyramid (Gould 1998). The northern corn rootworm showed a similar 
pattern of having lowest survival on pyramid but also exhibited a strong male bias in the absence 
of Bt that was not present in the Bt treatments.    
The emergence time and size of adult western corn rootworm were significantly affected 
by the treatment.  Because of the delayed emergence and the reduced overall size of western corn 
rootworm on Bt corn treatments, it is possible that insect resistance to Bt corn is incomplete.  In 
order for corn rootworm to exhibit complete resistance to Bt corn, beetles from Bt treatments 
should experience no emergence delay or size difference from beetles from the non-Bt treatment 
(Gassmann et al. 2009).   A similar conclusion was suggested by Gassmann et al. (2011) after 
finding that field populations of western corn rootworm were more resistant to Cry3Bb1 corn 
after 3 seasons of continuous Cry3Bb1 corn use but survival was still lower than on non-Bt corn.  
While there was no size difference among treatments for the northern corn rootworm, there was a 
difference between sex for the non-Bt treatment that was not in any of the Bt treatments.  This 
interesting result may suggest that northern corn rootworm males that survive exposure to Bt 
corn are less competitive compared to males from non-Bt corn.  Although females do not seem 
to prefer larger males for copulation, the chance for mating success is likely higher for larger 
males (French and Hammack 2010).  Males from non-Bt corn may help delay resistant in a 
population of northern corn rootworm by outcompeting resistant males. 
For the refuge strategy to be successful, the insects need to randomly mate between 
resistant populations and susceptible populations (preferentially, non-Bt insects will mate with Bt 
survivors) within the field (Gould 1998, Tabashnik and Carriere 2008, Gassmann et al. 2009).  
The disjunction of peak emergence time of females from non-Bt corn with males from the 
pyramided hybrid could lead to less susceptible insects being available to mate with Bt survivors. 
28 
 
If that were the case then the development of resistance could occur faster than originally 
anticipated (EPA 2010a).    
Delays in development have been observed in other pests such as Lepidoptera.  
Helicoverpa armigera larvae resistant to Bt cotton took longer to pupate than those of the 
susceptible strain on conventional cotton (Akhurst et al. 2003).  The difference was even greater 
when the resistant strain of this pest was exposed to a Bt hybrid of cotton and the susceptible 
strain was reared on conventional cotton.  This could have significant implications if susceptible 
insects are not available at the same time as resistant insects (Akhurst et al. 2003). 
Both species of rootworms were found to have a delayed mean emergence time when 
developing on a Bt hybrid compared to a non-Bt hybrid.  A longer development time could result 
in decreased longevity and fecundity (Boetel and Fuller 1997).  Given reduction of western corn 
rootworm female fecundity and longevity due to environmental hazards such as density-
dependence (Branson and Sutter 1985) and exposure to Bt toxins (Wilson 2003, Binning et al. 
2010), it is reasonable to suspect that beetles that develop from Bt corn are already at a fitness 
disadvantage. The beetles collected in our study from Bt corn had a significantly smaller head 
capsule width.  Because previous studies have found that smaller size is linked to reduced 
fecundity, beetles may have lower reproductive capacity on Bt corn (Branson and Sutter 1985, 
Wilson 2003).  The model used by Pan et al. (2011) assumes that resistant insects to Bt corn have 
the same fecundity as susceptible insects on non-Bt corn.  While this is possible, the data 
showing reduced fitness characteristics on Bt corn could alter modeling predictions about 
resistance manifestation. 
Modeling data suggest that Bt resistance in corn rootworm to Cry34/35Ab1 was best 
delayed with a structured refuge in a fixed location (Pan et al. 2011).  Pan et al. (2011) also 
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included as part of the model that resistant individuals emerge from Bt corn at the same time as 
susceptible and heterozygous insects from non-Bt corn.  Our data from the non-Bt treatment 
versus the pure Bt treatment suggest that the emergence pattern of resistant insects exposed to Bt 
corn may not completely overlap with that of susceptible insects which could alter the results of 
the model.  Data from the pyramid with a blended refuge treatment are not clear in suggesting 
whether insect emergence patterns overlap with those from the non-Bt treatment.  Insects from 
the pyramid with refuge treatment for both species do not have significantly different emergence 
patterns from any of the other treatments.  This may suggest that the refuge is beneficial for 
increasing resistant and susceptible insect emergence overlap using a blended refuge. 
It is important to continually adapt our management strategies in response to the changes 
in our knowledge on pest biology (Onstad et al. 2011).  Through the information gathered in this 
experiment, better insight has been gained on the biology of the western and northern corn 
rootworm.  Pest exposure to Bt corn can cause delays in insect emergence, reduce beetle size and 
perhaps limit fecundity.  Amending current insect resistance management practices may promote 
a longer effective lifespan for Bt corn hybrids and will help avoid the need for growers to return 
to more hazardous foliar or soil-applied insecticides. 
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Tables 
 
Table 1-ANOVA table for survival in corn rootworm 
Source     WCR NCR 
Survival Numerator 
DF 
Denominator 
DF 
F Value F Value 
Fixed Effects     
Hybrid 3 9 67.07* 30.07* 
Sex 1 3 4.51 4.33 
Hybrid*Sex 3 9 2.31 4.72* 
Random Effects DF χ2 χ2 
Site 
 
1 1.6* 4.2* 
Site*Treatment 
 
1 7.4* 5.7* 
Site*Sex 
 
1 1.1 0.1 
Site*Treatment*Sex 1 1.2 4.4* 
Tent(Site *Treatment) 1 28.4* 15.6* 
Sex*Tent(Site *Treatment) 1 0 0 
 
Table 2 ANOVA table for emergence in corn rootworm 
Source WCR 
  
NCR 
 Emergence Numerator 
DF 
Denominator 
DF 
F Value Denominator 
DF 
F Value 
Fixed Effects     
Hybrid 3 9 9.42* 5 6.73* 
Sex 1 3 8.83 3 6.04 
Hybrid*Sex 3 9 2.7 5 1.73 
Random Effects DF χ2 χ2 
Site 
 
1 1.2 2.1* 
Site*Treatment 1 0 2.2* 
Site*Sex 
 
1 4.7* 2.5* 
Site*Treatment*Sex 1 1.8* 0 
Tent(Site *Treatment) 1 6* 0 
Sex*Tent(Site *Treatment) 1 40.5* 87.4* 
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Table 3 ANOVA table for head capsule width in corn rootworm 
Source WCR 
  
NCR 
 Head Capsule Width Numerator 
DF 
Denominator 
DF 
F Value Denominator 
DF 
F Value 
Fixed Effects     
Hybrid 3 1005 15.04* 572 2.22 
Sex 1 1005 2.2 572 4.42* 
Hybrid*Sex 3 1005 2.72* 572 4.72* 
Random Effects DF χ2 χ2 
Site   1 5.7* 2.9* 
Site*Treatment 1 0 0.3 
Site*Sex 
 
1 0.3 0 
Site*Sex*Treatment 1 0.1 1.3 
 
 
Table 4 Mean Head Capsule Widths of Adult Corn Rootworm 
  
WCR NCR 
Treatment Sex Mean 
Standard 
Error Mean 
Standard 
Error 
non-Bt Male 1.2509 0.0118a 1.2290 0.0226 
non-Bt Female 1.2412 0.0118a 1.1634 0.0230* 
Cry3Bb1 Male 1.2109 0.0122b 1.2032 0.0236 
Cry3Bb1 Female 1.2274 0.0120b 1.1777 0.0239 
Pyramid Male 1.1736 0.0221b 1.1452 0.0311 
Pyramid Female 1.1862 0.0179b 1.1619 0.0329 
Blend Male 1.2023 0.0130c 1.1994 0.0262 
Blend Female 1.2262 0.0126c 1.1859 0.0263 
  
For columns under western corn rootworm, letters denote differences between the 
mean head capsule width of the treatment.  For columns under northern corn 
rootworm, the asterisk denotes a difference between the sexes within a treatment 
(P<0.05). 
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A 
Figure 1- Mean Survival of Corn rootworm.  Number of A) western corn rootworm and B) 
northern corn rootworm surviving per plot.  Statistically significant differences in mean 
survival are denoted with a letter at the top of the bars of each treatment (P<0.05, 9 df). The 
presence of an asterisk indicates a difference between the sexes within a treatment.  Note that 
each species is on a different scale on the y-axis. 
B 
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A B 
Figure 2- Corn Rootworm Emergence distributions.  Emergence distributions for (A) western 
corn rootworm and (B) northern corn rootworm.  Letters indicate significant differences among 
treatments.  The upper and lower borders of the box represent the 75th to 25th percentile of the 
data, the upper and lower whiskers represent the 95th to the 5th percentile of the data and the 
solid dots outside those boxes represent individual outliers.  The dotted line in each box plot 
represents the mean of the data while the inner solid line represents the median.  The letters 
above each treatment represent the pairwise comparisons made between the treatments (sexes 
combined) where different letters denote significant differences in mean emergence time 
(P<0.05). 
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Abstract 
 The western corn rootworm is a major pest of corn (Zea mays L).  Growers have several 
options for controlling this pest including chemical pesticides and crop rotation.  The newest 
method of managing rootworm is Bt corn, which has been genetically modified to produce 
insecticidal toxins from Bacillus thuringiensis.  This has been an important advance in pest 
management because it reduces the need for synthetic chemical pesticides and has very low non-
target effects.  The goal of this study was to understand the genetic variation for survival and test 
for correlations for survival on Bt corn by measuring larval survival and development of 
rootworm on Bt corn.  Field populations of insects were collected from small field plots of 
YieldGard VT Triple (containing Cry3Bb1), SmartStax (a pyramid containing Cry3Bb1 and 
Cry34/35Ab1), SmartStax with a blended 5% non-Bt refuge and the non-Bt near-isogenic hybrid.  
The adults collected from those plots of corn were reciprocally crossed and the F1 progeny 
exposed to SmartStax, YieldGard VT Triple and the non-Bt hybrid in a bioassay.  We found that 
the pyramided hybrid imposed significantly higher mortality than a single trait event.  There was 
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greater genetic variation for survival on the single toxin hybrid than the pyramid.  Insects 
selected on the pyramid displayed a reduced developmental delay on the single toxin hybrid 
compared to insects selected on the other treatments.  This research will contribute to 
understanding how western corn rootworm beetles react to selection and add to the knowledge 
base of corn rootworm biology.  A better understanding of rootworm biology will be useful in 
creating more accurate models to predict resistance development in rootworm populations which 
will help to improve insect resistance management for Bt corn. 
 
Introduction 
Corn (Zea mays L.) is a major crop in the United States with the majority grown in the 
Midwest region.  The western corn rootworm (Diabrotica virgifera virgifera LeConte) is a major 
pest of corn (Levine and Oloumi-Sadeghi 1991, Rice 2004, Spencer et al. 2009) costing growers 
over a billion dollars annually in management costs and yield losses (Sappington et al. 2006).  
The western corn rootworm is a protandrous, univoltine beetle (Coleoptera:Chrysomelidae). Its 
main host is corn, but it also can utilize several other grass species as suboptimal alternatives 
(Branson and Ortman 1967, Clark and Hibbard 2004).  Adults emerge in late June/early July and 
feed on the corn leaves, tassels, pollen and kernels.  Over the course of the summer females mate 
and oviposit in the soil until the first frost (Branson and Krysan 1981).  The eggs overwinter in 
diapause, and begin to hatch in late spring/early summer. The larvae feed on the roots of corn 
plants, pupate and emerge, starting the cycle over again (Levine and Oloumi-Sadeghi 1991, 
Spencer et al. 2009).  Most of the losses incurred from this pest are a result of larval feeding on 
the roots (Clark and Hibbard 2004).  Although adults feed on tassels, pollen, kernels and leaf 
tissue, adult feeding usually is not economically important unless there high levels of silk 
clipping (Levine and Oloumi-Sadeghi 1991, Clark and Hibbard 2004).  Larval feeding can 
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reduce yield, make it more susceptible to lodging and potentially increase the risk of pathogen 
infection (Levine and Oloumi-Sadeghi 1991, Sappington et al. 2006, Spencer et al. 2009).   
There are several methods available to manage corn rootworms, including crop rotation, 
synthetic pesticides and transgenic corn (Clark and Hibbard 2004).  Crop rotation alternates corn 
and a crop such as soybean, Glycine max, on which corn rootworm cannot develop (excluding 
the rotation-resistant variant) (Levine and Oloumi-Sadeghi 1991, Rice 2004, Spencer et al. 
2009).  Synthetic pesticides (i.e. Counter or Lorsban; organophosphates) can be applied to the 
soil to manage larvae or to the corn foliage to control the adults and thereby reduce oviposition 
in that field (Meinke et al. 1998, Clark and Hibbard 2004, Zhu et al. 2005).   
In 2003, the first Bt hybrid for managing rootworm (event MON 863 producing Cry3Bb1 
toxin) was approved by the EPA (EPA 2010a).  Bt corn, or corn that has been genetically 
modified to express genes from Bacillus thuringiensis, is useful as a management tool due to its 
high efficacy and low toxicity to nontarget organisms (Glaser and Matten 2003a).  Several B. 
thuringiensis subspecies produce toxins that are effective in managing a wide range of pests in 
Diptera, Coleoptera and Lepidoptera, and yet are fairly specific to the targeted insect pest 
(Tabashnik 1994, Schnepf et al. 1998, de Maagd et al. 2003, Whalon and Wingerd 2003).   
Several transgenic corn hybrids have been approved for use against rootworm.  Event 
MON 88017 produces Cry3Bb1 toxin (EPA 2010a), DAS-59122-7 produces Cry34/35Ab1 toxin 
(EPA 2005) and MIR604 produces modified Cry3A toxin (EPA 2007).  To help maintain 
rootworm susceptibility to these toxins, the EPA requires planting a refuge of non-Bt corn in 
conjunction with Bt corn (EPA 2010a).   
A refuge allows susceptible insects to survive, preserving susceptibility in the population.  
To illustrate the evolution of resistance, a simple genetic model may be used where resistance is 
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controlled by a single gene with two alleles, r which represents the resistant allele and s which 
represents the susceptible allele.  Assuming that resistance allele frequency is initially rare in the 
population, insects that survive the effects of Bt (rr individuals) will be extremely rare. Assuming 
adequate insect movement the more abundant susceptible individuals will be most likely to mate 
with the rare resistant individuals (Gould 1998, Tabashnik et al. 2004, Tabashnik 2008, 
Tabashnik and Carriere 2008, Gassmann et al. 2009).  When the resistant (rr genotype) insects 
mate with the susceptible (ss genotype) population, the progeny produced are heterozygous 
resistant (rs genotype).  The heterozygotes are more susceptible to the effects of Bt than the 
homozygous resistant individuals, as seen in some lepidopteran pests (Tabashnik et al. 2004, 
Onstad and Guse 2008).  With a high dose of Bt toxin (25 times the concentration needed to kill 
susceptible larvae), heterozygotes are also killed by the Bt toxin making functionally recessive 
(Tabashnik et al. 2004, Gassmann et al. 2009, Binning et al. 2010).  Bt hybrids for rootworm 
management are not considered high dose and so resistance to Bt corn hybrids may result from 
non-recessive traits (Lefko et al. 2008, Binning et al. 2010) 
B. thuringiensis bacteria kill their hosts by producing a crystalline protoxin during their 
sporulation phase of its lifecycle.  Once the toxin is ingested, it is solubilized in the midgut, 
activated by the insect’s own gut proteases and that activated protein binds to the midgut 
epithelial lining.  When the toxin binds to the epithelial cells in the midgut, it causes pores to 
form in the midgut cells which eventually lyse.  After enough cells lyse, the insects dies due to 
sepsis (Schnepf et al. 1998, Whalon and Wingerd 2003).  Because of the complexity of the 
protoxin, it is more common for Bt toxins to be produced in a truncated form in the plant 
(Schnepf et al. 1998).  Hybrids producing Cry3Bb1 toxins produce toxins that are in an active 
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form and therefore enzymatic cleaving is unnecessary to become toxic to the insect (Vaughn et 
al. 2005). 
The western corn rootworm has a reputation for adapting to management practices.  It has 
developed resistance to crop rotation, insecticides and is beginning to show signs of developing 
resistance to Bt corn in the field.  The rotation-resistant variant of the western corn rootworm has 
lost ovipositional fidelity to cornfields, (Levine and OloumiSadeghi 1996, Knolhoff et al. 2006, 
Gray et al. 2009).  Western corn rootworms have been able to overcome chemical management 
to several classes of pesticides such as certain organophosphates (methyl parathion) and 
carbamates (carbaryl) after extensive exposure in the field (Meinke et al. 1998, Pan et al. 2011).  
With the rapid adoption of Bt crops as a management practice, pests have been under great 
selection pressure to develop resistance (Tabashnik et al. 2003).  Corn rootworms have started to 
show resistance in the field (Gassmann et al. 2011, Gassmann 2012, Gassmann et al. 2012) and 
in the laboratory (Meihls et al. 2008, Meihls et al. 2011).  
Even though a refuge is required for Bt crops, surveys show that grower compliance is 
decreasing (Jaffe 2009).  Since non-compliance would accelerate the rate of resistance, there has 
been a shift towards incorporating non-Bt seed in with Bt seed (Onstad et al. 2011).  The first 
corn seed product that was a mix of Bt and non-Bt corn approved by the EPA was a hybrid 
containing Cry34/35Ab1 toxins.  The EPA approved its use with a 10% blended refuge (EPA 
2010b).  The refuge size was further reduced with the product, SmartStax.  This was approved 
for commercial deployment with a 5% blended refuge because SmartStax is a pyramided hybrid 
containing two toxins for rootworm management, Cry3Bb1 and Cry 34/35Ab1 (EPA 2011).  
Using multiple toxins would be more effective at managing pests and its use will further delay 
resistance in the pest population (Gould 1998, Jaffe 2009).   
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With concerns of resistance developing in rootworm populations in the United States it is 
important to know how selection affects western corn rootworm when exposed to Bt corn.  
Concerns about the assumptions made by modeling (i.e. random mating) has resulted in research 
aimed at determining if assumptions are true in the field.  Several models are based on 
assumptions that resistance is controlled by a single locus with two alleles and initially rare 
(resistance allele frequency 10-4) (Onstad 2006, Ives et al. 2011).  The latest model assumes that 
insects that were resistant matured on Bt corn at the same rate as all genotypes on non-Bt corn 
(Ives et al. 2011).  Insects are also expected to randomly mate between susceptible and resistant 
populations (Ives et al. 2011).  Recently, there has been some debate on whether random mating 
is necessary or even preferred for insect resistance management depending on the adult dispersal 
behavior (Onstad et al. 2011). 
In order for resistance to evolve, the management strategy must impose selection on the 
genetic variation of a population (Onstad and Guse 2008).  Understanding how much genetic 
variation is present in a population of rootworm for survival on Bt will can help determine if 
certain toxins are at higher risk for the evolution of resistance. Many models predict the 
development of resistance to Bt corn based on rare resistance alleles (Onstad et al. 2001, Onstad 
2006, Pan et al. 2011).  
Monitoring insect populations for resistance is an important part of insect resistance 
management (Huang 2006).  Andow and Alstad (1998) developed an effective method for 
monitoring rare, recessive alleles by collecting insects from the field, mating these parental lines 
to produce F1 progeny, and then sib-mating the F1 insects to produce the F2 progeny.  The F2 
progeny can then be used in a bioassay to screen the insects to discriminate between phenotypes 
and an estimation of the resistant allele frequency can be made.  A drawback of this method is 
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that a large number of iso-line families need to be established; increasing cost and with that a 
need for efficient collection of insects and rearing (Huang 2006).  The F2 screen is best used for 
detection of recessive resistance alleles with other methods being more cost effective and simple 
to implement for detecting dominant resistance (Andow and Ives 2002).  
This study selected corn rootworm populations on Bt corn in the field and screened the 
progeny for survival on Bt corn in the laboratory.  The goals of this experiment were to see how 
selection affected the larval survival and larval development.  We measured the genetic variation 
for survival on Cry3Bb1 corn and corn pyramided with Cry3Bb1 and Cry34/35Ab1.  We also 
measured correlations in survival on Cry3Bb1 corn and corn pyramided with Cry3Bb1 and 
Cry34/35Ab1.  
Materials and Methods 
Field Plots.  Insects were collected as part of data collection described in Chapter 2.  The 
study included four treatments involving three corn hybrids: three treatments were of pure stands 
of either YieldGard VT Triple (producing Cry3Bb1 toxins, event MON88017-MON810), 
SmartStax (pyramided hybrid producing Cry3Bb1 and Cry34/35Ab1 toxins, event HXCB-
MON88017-MON89034-HXRW), and their near-isogenic non-Bt hybrid line (isoline, NK603-
null) with the fourth treatment consisting of SmartStax corn with a blended refuge of its near-
isogenic hybrid line (ca. 5%).  The field sites these insects were collected from came from the 
Johnson Farm and FEEL locations in 2010.  Study sites were planted at 2 locations; one at 
Johnson Farm near Ames, IA and the other at the Field Extension and Education Laboratory 
(FEEL) near Boone, IA.  The Johnson farm field site was planted as a trap crop on first-year corn 
ground during the previous year; thus, the populations were expected to be a composite of 
neighboring populations.  The FEEL site was planted on a field that was research demonstration 
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fields previously for approximately 14 years with various combinations and mixtures of Bt corn 
with non-Bt corn since 2003 (Table 1).  Each plot at the FEEL location consisted of exactly 72 
plants with the blended refuge treatment containing 4 non-Bt plants (5.56%).  The Johnson farm 
location had fewer plants due to excessively wet conditions.  The average stand count for each 
treatment (mean ± SEM) was 59.75 ± 11.2 plants for non-Bt, 53 ± 13.2 plants for Cry3Bb1, 70.8 
± 1.0 plants for pure stand of the pyramided hybrid and 70.5 ± 1.9 plants for the pyramid with a 
blended refuge.  The blended refuge treatment averaged about 5.68% ± 0.16% non-Bt plants.  
Each plot was covered in a screen tent.  The Johnson farm site used the tents that measured 2.8 m 
wide by 3.4 m long by 1.9 m tall (Kelty Inc., Model 40921012, Shanghai, China).  The tents used 
at the FEEL site measured 3.35m wide by 3.96m long by 2.44m high (Redwood Empire Awning, 
Santa Rosa, California).   
Establishing Insect Families.  Small families were started with beetles collected from 
the different treatments in the field (Fig. 1).  Beetles were collected from the Johnson farm 
location every 2.4 ± 0.8 (± standard deviation) days and from the FEEL location every 2.5 ± 0.9 
days.  The beetles were brought back to the laboratory sorted by species and sexed (Hammack 
and French 2007).  Insects were housed in a cage 17.5 cm3 (Model BD4005, MegaView, 
Taichung, Taiwan) separated by sex and treatment.  The beetles were given artificial diet (corn 
rootworm diet, Bioserv, Frenchtown, New Jersey), corn leaf tissue and 1.5% agarose gel for 
hydration.   
Approximately 1 week after collection the insects were placed into small families 
consisting of two males and one female.  Each family was housed in a 473 mL polypropylene 
container (Reynolds Food Packaging, Shepardsville, Kentucky).  The lids of these containers had 
the center removed and were replaced with a mesh fabric to allow for air flow into the container.  
50 
 
Each container received artificial diet, 1.5% agarose gel, corn leaf tissue (non-Bt), and a 3.5 cm 
petri dish of soil (<180 µm particle size #80 sieve) with furrows cut into it to allow for 
oviposition and a foil cover on top for a darker environment to facilitate oviposition.  The diet 
and agar were changed twice a week while the ovipositional dishes were changed once a week.   
Each family group consisted of two males and one female except for families from the 
pure pyramided hybrid treatments (91 of the 344 total families started), which were limited by 
available insects, had only one male beetle.  While beetles from the non-Bt treatment were 
crossed among themselves, a portion of beetles from the non-Bt treatment were also used to 
create reciprocal crosses in families from the Bt treatments (Fig. 1).  Families from Bt treatments 
were composed of either two male insects from the Bt treatment with 1 female from the non-Bt 
treatment or vice versa (Table 2).   
Since the beetles were field-caught, the eggs needed to diapause and therefore cooled to 
synchronize hatch.  The eggs were stored in 37 mL translucent polystyrene cups with snap tops 
(Solo Cup Company, Highland Park, Illinois) with finely sieved soil.  The eggs were chilled at 
8°C for a minimum of 5 months.  Eggs were only removed once during the cooling period to 
estimate the number of eggs for a given family, and families that produced 50 or more eggs were 
used in the bioassay.  The number of eggs per egg dish was estimated by, washing the eggs on a 
250 µm sieve (#60 sieve) with cold water, estimating their number under a microscope, returning 
the eggs back to the cups of finely sieved soil and placing them back into cold storage.  After 5 
months, the dishes were randomly removed from cold storage in small batches (between 10 and 
15 families per week).  Upon removal from cold storage, eggs were carefully counted and placed 
on a 5.5 cm petri dish (BD Biosciences Discovery Labware, Durham, North Carolina) with 
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finely sieved soil.  Eggs hatched ca. 2 weeks thereafter.  No batch of eggs was in cold storage for 
greater than 11 months. 
To test whether females collected in the field had mated before being placed into mated 
groups, 43 females (23 from FEEL and 20 from Johnson farm) collected from the non-Bt 
treatment were housed in containers in the same manner as the family groups.  The females were 
given ovipositional dishes as well and any eggs were collected, enumerated, chilled and any 
hatched larvae were tallied. 
Bioassays.  Plants for bioassays were grown for approximately 4 weeks in a greenhouse 
set at 25°C with a 16/8 light/dark cycle.  Planting the corn for this bioassay started in late 
February and the last of the bioassay plants were removed from the greenhouse late August.  
Temperatures were logged from 3 June to 16 August and ranged from an average maximum 
temperature of 38 °C and an average minimum of 25.6 °C.  The lights were 400W high pressure 
sodium bulbs (RUUD lighting, Racine, WI).  Seed was planted in were 1 L clear polypropylene 
containers (Reynolds Food Packaging, Shepardsville, Kentucky)  with 750 mL of a 50:50 
mixture of Sunshine LC1 mix and Sunshine MM900 potting soil (Sun Gro Horticulture Canada 
Ltd., Vancouver, Canada).  A single seed was planted in each cup at a depth of 4 cm in each 
container and the soil was watered as needed.  Three types of corn were planted Cry3Bb1 hybrid, 
the pyramided hybrid (producing Cry3Bb1 and Cry34/35Ab1) and their non-Bt near-isogenic 
hybrid line (non-Bt).  Plants were fertilized at 2 weeks old Peters Excel 15-5-15 Cal-Mag 
Special, Everris International, Geldermalsen, The Netherlands) with 100 mL of solution per plant 
at a rate of 4 mg per mL following Gassmann et al. (2011).   
The seed used was treated in Poncho 500 insecticidal seed treatment (clothianidin, .5 
mg/seed, Bayer Crop Science, Reseach Triangle Park, NC) and since rootworm larvae are 
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sensitive to this neonicotinoid insecticide, it had to be washed off prior to planting.  The seed 
treatment was washed off following the methods outlined in Gassmann et al. (2011).  Seeds were 
washed in a dish detergent solution for one hour, draining and refilling every 20 minutes, and 
allowed to dry for 12 hours.  The seed was then placed into a bleach solution of 10% bleach for 
one hour, stirring every 15 minutes, and rinsed by filling up the container and decanting 10 
times.  Afterwards, the seed was allowed to dry for 24 hours and was kept in cold storage until 
ready for use (ca. 8°C, 45% RH).  This method of washing removed all visible signs of seed 
treatment.  
Plants used in bioassays had five fully formed leaves (V5 stage) where plants had a fully 
formed collar extending from the stalk.  Plants were infested daily, by transferring neonates to 
the roots of corn plants.  One replicate consisted of one bioassay cup of each hybrid being tested 
(Fig. 1).  The first replicate was infested with a maximum of ten neonates and subsequent 
replicates received up to thirteen larvae per plant depending on availability with a maximum of 
three fully infested replicates per family.  Any neonates found in the egg dish were used in the 
bioassay.  Plants were infested by brushing the soil away from the base of the plant and 
individually transferring neonates to the roots with fine-bristled paintbrush.  The base of the 
plant was then covered with soil. All larvae were placed on a plant within 24 h of the first larva 
added.  Plants were trimmed to a height of 20 cm and the remaining two leaves were trimmed to 
8 cm long to fit in the environmental chamber.  A thin layer of barrier (Tree Tanglefoot®, 
Contech, Grand Rapids, Michigan) was placed around the rim of the plastic container to prevent 
insects from escaping.  Plants with larvae were then placed in an environmental chamber 
(Percival Scientific, Perry, IA; 25°C; 16/8 L/D; 65% RH).  Plants were held in a chamber for 17 
days and watered as needed.  A duration of 17 days allowed the insects enough time to feed and 
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grow but catches the fastest developing insects before reaching pupation (Nowatzki et al. 2008, 
Gassmann et al. 2011)   
After 17 days, plants were removed from the chamber, the stem excised at the soil 
surface and the remaining roots and soil were placed onto Berlese funnels.  The soil and root 
samples remained on the Berlese funnel for 4 days.  Larvae were collected in 15 mL glass vials 
filled with 10 mL of 85% ethanol.  Larvae in each vial were counted and categorized by instar 
via measuring the head capsule width with a dissecting microscope (Leica MZ6, Wetzlar, 
Germany) and camera with accompanying imaging software (Motic Images Plus 2.0, Motic, 
Xiamen, China).  The larval instar was determined by the criteria specified by Hammack et al. 
(2003).   
Data Analysis.  Replicates that received fewer than five larvae per replicate were not 
used in the data analysis.  Replicates that had fewer than two insects recovered in the non-Bt 
plant in the bioassay were not used in the data analysis.  Out of the 344 families started, only 14 
families were not included due to these criteria.   
Larval survival in the bioassay was analyzed using a mixed model analysis of variance 
(ANOVA) in SAS enterprise (SAS, 2009), and data from both locations were used in the same 
analysis.  The proportion of insects recovered was transformed using a square root 
transformation.  The fixed effects of the model include the hybrid type (from the bioassay), field 
plot treatment and their interaction.  The random effect was family which was nested within the 
selection treatment, and the interaction of hybrid type (from the bioassay) with family nested 
within the selection treatment.  Means were compared using the LSMEANS option with a Tukey 
adjustment for multiple comparisons.   
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The survival data were then broken up by the reciprocal crosses to determine differences 
in survival due to sex of the selected insect.  These data were analyzed using a mixed model 
ANOVA using PROC MIXED in SAS enterprise 4.2 (SAS, 2009).  Each hybrid in the bioassay 
was analyzed separately.  The model was composed of one fixed effect which was based on the 
type of cross.  Specifically, each family that contained an insect or insects from the Bt treatment 
was categorized by the sex of the insect from the Bt treatment.  For example, there was a 
category for males exposed to Cry3Bb1 crossed with the non-Bt females and a category for 
females exposed to Cry3Bb1 corn crossed with males from the non-Bt treatment.  The random 
effect in the model was the interaction of treatment with individual family.  The means were 
compared using the LSMEANS statement for the effect of cross and a Tukey adjustment was 
applied for multiple comparisons.   
The proportion of third instar larvae recovered was transformed using the square root 
transformation and analyzed using a mixed model ANOVA (PROC MIXED).  Only recovery 
data based on non-Bt corn and Cry3Bb1 corn were used since there were very few insects 
actually recovered on the pyramided hybrid across all treatments.  The model included the fixed 
factors of selection treatment, bioassay hybrid, and their interaction.  The random factor was 
individual group nested within treatment. 
To determine the level of genetic variation for survival on Bt corn of the families selected 
on the different Bt treatments, the proportion of insects recovered on Cry3Bb1 and the 
pyramided hybrid was transformed using Abbott’s correction (Abbott 1925).  The corrected data 
was analyzed in a mixed model ANOVA using PROC MIXED with TYPE III estimating method 
for the variances because variances among treatments were expected to be different (SAS, 2009).  
The two Bt hybrids were analyzed separately.  The analysis was a pure model II ANOVA with 
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the random effects of selection treatment, and family nested with selection treatment.  To test 
whether the level of genetic variation differed between Cry3Bb1 corn and the pyramid the 
corrected survival for both hybrids was used in a pure model II ANOVA (PROC MIXED) that 
induced the random effects of bioassay hybrid. 
Correlation analysis for corrected survival on the Cry3Bb1 hybrid and the pyramided 
hybrid was conducted using PROC CORR (SAS 2009) Each selection treatment was analyzed 
separately.   
Results 
The mean survival of western corn rootworm larvae was significantly different among 
hybrids used in the bioassay (Table 3, Fig. 2).  Insects screened on the non-Bt hybrid had the 
highest overall survival with insects having intermediate survival on Cry3Bb1 corn and lowest 
insect survival on the pyramided hybrid.  We did not detect a difference in larval survival among 
the different treatment selections or the interaction between the hybrid used in the bioassay and 
selection treatment (Table 3).  When the data on proportion of larvae recovered are separated by 
the reciprocal crosses for all Bt treatments (Fig. 3), there was a significant difference among the 
treatment selections for the Cry3Bb1 bioassay plant (Table 4, Fig. 3).  Even though there was an 
effect, there was no difference between the sexes for a given selection treatment.  There were no 
significant differences detected among the treatment selections for either the non-Bt or the 
pyramided bioassay plant.   
The proportion of third instar larvae recovered from the bioassay plants was significantly 
affected by the hybrid but not by the selection treatment or their interaction (Table 5, Fig. 4).  
There were significantly more third instar larvae recovered from the non-Bt hybrids than 
recovered from the Cry3Bb1 hybrid.   
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We detected significant genetic variation for survival on the Cry3Bb1 and pyramided 
hybrid (Table 6, Fig. 5).  Also, the genetic variation for survival was significantly higher on the 
Cry3Bb1 hybrid as compared to the pyramided hybrid in the bioassay (1, 170 df, F=22.26, P= 
<.0001). 
The correlation analysis showed that there were significant positive correlations for 
survival of families on Cry3Bb1 corn and the pyramid.  Positive correlations were detected for 
selection treatment of Cry3Bb1 and the pyramid with blended refuge (Table 6, Fig. 6 b, c ).  
There was no significant correlation for families collected from non-Bt corn (Fig 6a) and there 
were not enough non-zero data for survival from families from the pyramid (Fig 6d) to determine 
a correlation.   
 To validate that the females used in the experiment were unmated before being placed 
into families, 43 females were isolated and 11 of those females produced eggs that hatched.  The 
11 females produced a total of 2115 eggs and of those eggs 716 larvae hatched.  This result 
shows that it is unlikely although possible that females used in the experiment had mated before 
being placed into a family. 
Discussion 
Using a pyramid with two or more toxins that have different modes of action should be 
more effective at delaying resistance than a single event hybrid, especially when single toxin 
events are not high dose (Tabashnik 1994, Gould 1998, Ives et al. 2011).   The results from this 
study show that significantly fewer larvae survived on the pyramided hybrid as compared to the 
Cry3Bb1 hybrid.  Relative lower genetic variation for survival of insects on the pyramided 
hybrid as compared to the single toxin hybrid suggests that the Cry3Bb1 hybrid is at greater risk 
for the evolution of resistance.   It is unlikely that the wild populations surveyed harbor 
resistance to Cry3Bb1 on account that the Cry3Bb1 toxin is not considered high dose.  
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Additionally, a pyramided hybrid will be more effective for controlling rootworm with the 
addition of another toxin (Cry34/35Ab1).   
Families with insects selected on the Cry3Bb1 hybrid and the pyramided hybrid with a 
blended refuge, displayed positive correlations in survival on Cry3Bb1 and the pyramid hybrids.  
This indicates that expose to these types of Bt corn may increase the likelihood of adaptation to 
both Cry3Bb1 corn and the pyramid.   
Correlation analyses show that selection on two of the three Bt treatments affected how 
insects survived on Bt hybrids.  For families that were selected on the Cry3Bb1 hybrid and the 
pyramided hybrid with a blended refuge, the progeny that tended to survive better on the 
Cry3Bb1 hybrid survived better on the pyramided hybrid.  A caveat of this is that the positive 
correlation is driven by a single family that had survival on both Cry3Bb1 and the pyramided 
hybrid.  Although caution should be used when making any conclusions from these data, it 
seems that there may be a trend of increased survival on Bt corn after being selected on it.  
Regardless, these correlations may warrant further investigation with increased number of 
families per treatment. 
The survival of corn rootworm on Bt hybrids is not unexpected.  Hybrids for rootworm 
management are not considered high-dose (Gassmann et al. 2011, Gassmann 2012).  Since the 
experiment did not use a hybrid expressing only Cry34/35Ab1, we cannot conclude if there is 
cross-resistance developing in these populations.  Since the mode of action of Bt has multiple 
steps, theoretically, resistance could develop by blocking any of the steps required for toxin 
effectiveness (Gould 1998).  Previous work by Gassmann et al. (2011) found that even though 
insects from the field that were more resistant to Cry3Bb1 did not show a cross resistance to the 
binary toxin Cry34/35Ab1.  Depending on how resistance manifests in rootworm populations, 
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insects could theoretically become resistant to multiple Bt toxins if the nature of resistance is 
based on a trait common among Bt toxins.  
The genetic variation data shows that the risk of resistance development on the 
pyramided hybrid was lower than that for the Cry3Bb1 hybrid.  Genetic variation allows for 
opportunities for selection to produce a phenotype (Benton 2012).  Genetic analysis of corn 
rootworm populations has shown that genetic variation is high across the US Corn Belt (Kim and 
Sappington 2005, Kim et al. 2007).  High genetic variation coupled with the low toxicity of the 
Bt corn to corn rootworms could mean that the risk for resistance is high for populations of high 
selection pressure.  As growers continue to adopt Bt corn for pest control, the selection pressure 
is expected to be high for resistance (Jaffe 2009, Gassmann et al. 2011).   
This study was intended to identify major resistance alleles using an F1 screen.  Focusing 
on only major resistance alleles, Yue et al. (2008) demonstrated that it was possible to detect 
resistance in a feral population of sugarcane borers (Diatraea saccharalis) with an F1 screen but 
could not detect any minor Bt-resistant alleles.  Major resistance was found only a single field-
collected individual out of 331 insects contained a major resistance allele.   
Our results in the correlation analysis show that one family from treatments Cry3Bb1 and 
the pyramid with a blended refuge had increased survival on both Cry3Bb1 corn and the 
pyramid.  In a study done by  Burd et al. (2003) with bollworm (Helicoverpa zea), one female 
produced offspring in an F1 screen that had increased survival on two Bt toxins found in Bt 
cotton (Cry1Ac and Cry2Aa).  This system is similar to corn rootworm because Bt cotton for 
bollworm management is also considered not to be high dose (Burd et al. 2003). 
 Results from this study may have detected a single family that had increased survival on 
both Cry3Bb1 and on a pyramid containing Cry3Bb1 and Cry34/35/Ab1 on two treatments.  
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Although more work is needed in order to confirm this, this result could potentially mean that 
resistance alleles are more frequent than assumed in resistance modeling (Onstad et al. 2011, Pan 
et al. 2011) which is very rare (r alleles assumed  a frequency of 0.001).   
The results of this study have shown that some of the assumptions regarding rootworm 
biology may need to be updated.  One family exhibiting higher survival on both Cry3Bb1 and 
pyramided corn may be evidence of more frequent resistance alleles in populations of rootworm 
in Iowa.  Higher genetic variation for survival on corn producing Cry3Bb1 toxins may be 
indicative of greater risk of resistance development.  Combining these two factors could mean an 
accelerated rate of resistance development than what was anticipated by modeling.  Greater care 
must be taken in preserving susceptibility of pests to Bt corn.  Changes and adaption to of insect 
resistance management guidelines tailored to an individual pest is important for ensuring a long 
lifespan of management tools. 
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Tables 
Table 1 Field History for FEEL Site 
Year Hybrid type   Year Hybrid type 
2003 Non-Bt   2007 Non-Bt 
 
Cry3Bb1 
  
Cry3Bb1 
2004 Non-Bt 
 
2008 Non-Bt 
 
Unknown Bt hybrid 
 
Cry3Bb1 
2005 Non-Bt 
   
 
Cry3Bb1 
 
2009 mCry3a 
2006 Non-Bt 
  
Cry3Bb1 
  Cry3Bb1     
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Table 2 Cross Distribution per Treatment in 2010 Experiments 
    Ames FEEL 
Cross   
Families 
Started 
Families 
in Screen 
Average reps 
± SEM 
Families 
Started 
Families 
in Screen 
Average reps 
± SEM 
Non-Bt ♂  x  
Non-Bt ♀ 49 11 1.45 ± 0.25 57 16 1.38 ± 0.13 
     
  
  VT3 ♂  x  
Non-Bt♀ 20 5 2 ± 0.32 28 8 1.5 ± 0.27 
     
  
  VT3 ♀  x  
Non-Bt ♂ 20 1 3 36 12 1.58 ± 0.19 
     
  
  SR ♂  x  
Non-Bt ♀ 15 1 1 23 8 2 ± 0.27 
     
  
  SR ♀  x  
Non-Bt ♂ 20 6 1.67 ± 0.33 34 13 1.38 ± 0.14 
     
  
  SMX ♂  x  
Non-Bt ♀ 3 0 
 
13 2 2 ± 1 
     
  
  SMX ♀  x  
Non-Bt ♂ 9 1 1 17 2 2 ± 0 
 
  
The distribution of families for crosses between treatments.  Crosses were made based on beetle 
availability per treatment.  A family may have been screened with multiple replicates and those are 
averaged and displayed ± SEM (standard error of the mean).  The selection treatments from the 
field were abbreviated as: VT3=YieldGard VT Triple, SMX=SmartStax, and SR=SmartStax with 
blended refuge. 
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Table 3- ANOVA table for overall surival among the treatments  
Overall Survival Numerator 
DF 
Denominator 
DF 
F Value P Value 
Fixed Effects     
Hybrid 
 
2 162 351.12 <.0001* 
Treatment 
 
3 81 0.9 0.4428 
Hybrid*Treatment 6 162 0.94 0.4649 
 
Table 4- ANOVA table for fixed factor of cross in inheritance analysis 
  Numerator 
DF 
Denominator 
DF 
F Value P Value 
Hybrid     
non-BT 6 79 0.46 0.8367 
YieldGard VT Triple 6 79 2.52 0.0275 
SmartStax 6 79 0.34 0.9137 
 
Table 5- ANOVA table for third instar analysis 
Overall Survival Numerator 
DF 
Denominator 
DF 
F Value P Value 
Fixed Effects     
Hybrid 
 
1 38 11.78 0.0015 
Selection Treatment 
 
3 80 1.94 0.1302 
Hybrid*Selection Treatment 3 38 2.6 0.0871 
 
Table 6-ANOVA table for genetic variation analysis 
Cry3Bb1       
Source   DF F Value P Value 
Treatment 
 
3 2.57 0.0592 
Family(Treatment) 82 1.89 0.0081* 
Pyramid       
Treatment 
 
3 0.53 0.663 
Family(Treatment) 82 4.87 <.0001* 
 
  Asterisk indicates a significant effect (P<0.05) 
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Table 7- ANOVA table for correlation analysis for survival on YieldGard versus 
SmartStax by treatment 
Selection n r P value 
Non-Bt 27 -0.0989 0.6235 
Cry3Bb1 26 0.53313 0.005* 
Pyramid with Refuge 28 0.50946 0.0056* 
Pyramid 5 N/A N/A 
 
 
  
Asterisk indicates significant effects (P<0.05) and n represents the number of families in the 
analysis. 
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Figures 
 
Figure 1- Schematic of the experimental design.  Experiment begins with field collected adults, 
those adults were placed into mated families, the eggs from those families were collected, and the 
neonates were infested into the bioassay plants. 
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Figure 2- Overall larval survival on the bioassay.  The x-axis represents the field selection 
treatment of the insect families.  Overall survival was not significantly different between the 
treatments (x-axis).  There was, however a significant difference between hybrids of the bioassay 
for a given selection treatment (P<.0001).  Each colored bar indicates a different hybrid used in 
the bioassay.  Black represents Iso or the Non-Bt hybrid, gray represents VT or YieldGard VT 
Triple and the dark gray bars represent SMX or SmartStax.   
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Figure 3- Proportion of larvae recovered in reciprocal crosses.  Crosses were made of insects 
from Bt treatments with insects from non-Bt treatments.  Within a treatment, bars marked either 
male or female will indicate which insects were from that treatment.  For example, bars under 
Cry3Bb1 and under the male portion of the graph indicate the proportion of insects recovered 
from families where the males were from Cry3Bb1 plots and females were from non-Bt plots.  
The three bars per selection treatment indicate the proportion recovery on the three hybrids in the 
bioassay.  Both the non-Bt and pyramid recovery were determined to be not significant.  Letters 
above the bars for Cry3Bb1 represent differences between the mean proportions recovered among 
the treatments for the Cry3Bb1 hybrid. 
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Figure 4- Proportion of third instar recovered in bioassay.  Proportion of third instar insects was not 
significantly different between selection treatments for a given hybrid.  There was a significant 
difference in the proportion of third instar larvae recovered between the non-Bt hybrid and the 
Cry3Bb1 hybrid (P=0.0015).   
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Figure 5- Genetic variation among families for survival on YieldGard and SmartStax.  
Distributions of corrected survival of YieldGard VT Triple (Cry3Bb1) and SmartStax (pyramid) 
bioassay plants.  The ANOVA results show that there was significant differences in variation 
within a given family (P< 0.05) but neither showed a strong significant difference between 
treatments (YieldGard VT triple, P=0.0592 and SmartStax, P=0.663).  The variation between 
YieldGard VT Triple and SmartStax bioassay plants was significantly different with survival on 
YieldGard VT Triple having greater variation than SmartStax (P<0.0001).  There was significant 
difference in the overall variation between YieldGard VT Triple and SmartStax (1,170 df; 
P<0.0001). 
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D 
A B 
C 
Figure 6- Correlations for survival among the selection treatments using corrected survival.  
Correlations for proportion survival on Cry3Bb1 versus pyramid for a) Non-Bt, b)Cry3Bb1, c) 
pyramid with a blended refuge and d) pyramid treatments.  Significant positive correlations 
were detected for treatments Cry3Bb1 (b) and pyramid with a blended refuge (c).  Data points 
with numbers indicate how many observations the point represents.  Data points with no 
number represent a single observation. 
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Chapter 4: Discussion 
Bt crops have made a great impact on agriculture by changing how pests are managed by 
growers (Rice 2004).  It allows for suppression of pests while reducing the need to apply 
environmentally-hazardous synthetic pesticides (Schnepf et al. 1998, Rice 2004, Bravo et al. 
2007, Lefko et al. 2008).  Approving the use of Bt crops was decided by the EPA to be in the 
public interest in preserving not only the environment but also increasing the quality of life for 
the grower as well (Rice 2004, EPA 2010a).  Because this technology has been widely adopted 
by growers and due to its benefits to the environment, it is important to preserve insect 
susceptibility to Bt crops with a plan for insect resistance management in order to ensure long-
term use.  This could prove to be a challenge considering that some insect species, such as corn 
rootworms, have shown to have the genetic variation necessary within their populations to 
develop resistance to many management strategies (Tabashnik et al. 2009).  The data from this 
study has shown that corn rootworms are more susceptible to pyramids producing multiple 
toxins.  This research has also shown that even though the pyramid shares a toxin with the single 
toxin hybrid, the genetic variation for survival on the pyramid is relatively low.  Famlies that 
tended to have greater survival on the single-toxin hybrid also potentially had greater survival on 
the pyramid.  With concerns of resistance developing in populations of rootworm, current insect 
resistance management plans should be amended to take this information into account.  
Since beetles may experience developmental delays when exposed to high environmental 
stresses (Branson and Sutter 1985), there has been concern that that factor may change how 
resistance develops in the field.  As other studies have shown, corn rootworm beetles had a 
significantly more delayed mean emergence time when developing on Bt corn as compared to 
beetles developing on non-Bt corn plants (Binning et al. 2010).  The results of this experiment 
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confirmed that both northern and western corn rootworms that had developed on the pure Bt 
treatments (YieldGard VT Triple and SmartStax) had a significantly more delayed mean 
emergence time as compared to those that were developed on the non-Bt treatment.  In this 
study, measuring head capsule width to gauge potential fecundity lead to finding significantly 
smaller beetles in Bt treatments (only western corn rootworm) compared to the non-Bt treatment.  
A reduced fecundity in resistant insects could possibly mean a delay in the rate in which beetles 
become resistant.  This result may warrant further investigation to see if the significant 
differences seen in this study actually translate to a reduced fecundity or fitness. 
It has been generally accepted that using more than one toxin that is active against a pest 
will manage better than a single toxin alone.  The pest will also take longer to become resistant 
to the effects of the management practice as long as the toxins have different modes of action 
that limits cross resistance (Gould 1998).  This experiment has shown that after taking progeny 
from beetles that were selected on Bt in the field, the Bt corn hybrids that produce multiple 
toxins against rootworms were more effective than corn hybrids that only produce one toxin.  
There also seemed to be no difference between the sexes in terms of how resistance is inherited 
so it is possible that inheritance is autosomal.  Although the literature has shown that insects 
exposed to Bt can experience developmental delays as compared to hybrids that do not produce 
toxins (Binning et al. 2010), this experiment showed no statistically significant evidence that is 
occurring on the single toxin hybrid in our bioassay.  The field portion of this experiment 
showed the opposite where beetles that were selected on Bt corn showed significantly delayed 
emergence.  More work could be done to understand how Bt corn affects larval corn rootworm.  
The data show that for insects selected on the Cry3Bb1 hybrid, the progeny had a positive 
correlation for increased survival for both the Cry3Bb1 and the pyramided hybrid.  This result 
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could be showing that the nature of the increased survival for the Cry3Bb1 toxin is also useful 
for surviving the effects of the pyramid.  Although we cannot say that cross resistance is 
developing in populations of rootworm, more work using a hybrid that producing only the 
Cry34/35Ab1 toxin would be helpful in understanding if cross resistance is developing in this 
population.  More data is also needed to confirm that there is indeed a correlation for survival 
between the Cry3Bb1 and the pyramid hybrid.  The data also shows that beetles from any 
treatment had greater genetic variation for survival on the Cry3Bb1 hybrid than they do for the 
pyramid.  This means that the risk for resistance development on the Cry3Bb1 hybrid is 
significantly higher than on the pyramid since natural selection has more to act on in a rootworm 
population. 
The information gathered by this experiment has shown that more care needs to be used 
when deploying Bt hybrids.  With the warnings of resistance developing in the field, it is 
paramount that insect resistance management be followed and altered in light of new 
information.  The data has shown that the current regulations for managing resistance for the 
western corn rootworm need to be amended.  A stronger effort is needed to increase grower 
compliance with resistance management regulations. Without Bt corn, growers will be forced to 
go back to synthetic pesticides in order to protect their corn which could have greater impact on 
the environment, increasing exposure to potentially hazardous pesticides and effects on non-
target organisms. 
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